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PART |.a
what are gravitational waves!?



oeneral relativity

spacetime is dynamic!
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oeneral relativity

spacetime is dynamic!

‘¢ Spacetime tells matter how to move;
matter tells spacetime how to curve
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what's the effect of a GW/?

two points to consider

equivalence principle
oravity couples universally to all mass-energy

hence we cannot detect a constant g-tielc

tidal field

however, we can measure variations in the fielc

.e. we can measure tidal forces (grad-g)



what's the effect of a GW!?

tidal forces
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what's the effect of a GW!?

tidal forces




(+) wave propagates out of the screen

Image credit:Auriga from the INFN in Italy.
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PART |.b
how are GVVs generated!



oeneral relativity
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how are GWs generated!

an analogy
electromagnetic field

want a time-varying source that produces a ~1 /7 radiative field

0

¢ monopole work —— FEmon ~ 20

. P P[P

SV S dipole doeswork — F.. ~ — . | —
dip ; ;

3’ 2 \r

here r Is the distance to the observer Pedagogy credit:T. Creighton



how are GWs generated!
gravitational tidal field

want a time-varying source that produces a ~1 /7 radiative field

, M WV
monopole work —>  Gmon ™ 30
. , P P NP
dipole work — ¢4\~ — L
S, , 1 I/ ! I
® @ quadrupole does work — G uaq ™ 50 Ar .30 g2

S

here riIs the distance to the observer



binary system
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DInary system f:/@
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DInary system
an example

~ 10—26

strain one light-year away

Eaw!| ~ 200 W

power emitted In GWs




oeneral relativity
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oeneral relativity

curvature = (2 x 10~*%) stress

spacetime is very hard to bend!

(in Sl units)



PART ll.a
the detectors

(LIGO & Virgo)
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Laser Interferometer Gravitational-wave Observatory

Image credit: K. Staats
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Gravitational Wave Observatories
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Video credit: LIGO/T. Pyle



#vanced LIGO
Optical Layout, L1 or H1
with Seismic Isolation and Suspensions
G1200071-v3
J. Kissel Nov 4 2013
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Video credit: Ki




our bane:

hoise!

Laser

——— Seismic/
- Gravitational
Vibrations

Residual Gas
> random phase fluctuations

ey e— Thermodynamic
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Radiation Pressure --

Photon Fluctuations
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Fluctuations
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Image credit: R. Adhikari
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PART Ill.b
the detections
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GWI150914
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what did we learn

oravitational waves exist!

consistent with general relativity

black-hole binaries exist

there exist heavy stellar-mass black holes

they don't spin too fast

GWI150914




LIGO and Virgo detections to date

In Solar Masses

- g J‘{}"— L1,

10 black-hole pairs °

10

" 1 neutron-star pair

2 .
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GWTC— | deteCt|On Catalog [arX|V | 8 | | . | 2907] Image credit: LIGO/VurgolF. Elavsky/Northwestern



masses and spins

components remnant
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[arXiv:1811.12907]



masses and spins

component spins

0 Ifast
alignec
slow
fast
—1.0 ol
A @ O D D DO DN SO dNtli-allgned
LA L AL QAL

arXive 181112907 (violin plots summarize |D posteriors on effective spin;“aligned’ refers to orbrtal angular momentum)
dlr' AlV. :



Video credit: NASA Goddard
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Milky Way image: Axel Mellinger

sky localization



multimessenger
astronomy

= agreements with
e NG . 75 observatories

~200 EM Instruments
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GWI170817

LIGO Livingston data
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Credit: LIGO Virgo



GWI170817

what did we learn

NS mergers cause (short) Y-ray bursts

first direct imits on the speed of GWs

tests of equivalence principle

—Hubble constant measurement

constraints on NS equation of state



some of the

scientific potential of GVVs

studying stellar and galaxy evolution
testing general relativity

understanding the nature of black-holes
(or their mimickers)

resolving tensions In cosmology
learning about nuclear matter

probing dark matter



PART Il
the future



dNcC

more sources!

there’s more out there than BH and NS mergers

ernovae ' pulsars

perna

DS something more exotic! ex

stochastic background

bect Nature to surprise us!

Credit: C. Ott / C. Reed / OzGrav



observation timeline

hinary mmEarly msmMid mm|ate msmDesign
NS range
\_ 6080  60-100 120-170 190
Mpc Mpc Mpc Mpc
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo - @
25-40 40-140 140
Mpc Mpc Mpc
| ! ! | | | | | | \
2015 2016 2017 2018 2019 2020 2021 2022 2023

Abbott et al. doi:10.100//s41114-018-0012-9



sky location to improve
LIGO +Virgo + LIGO India + KAGRA
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future US detectors

TR 0 i oty Comic e

o

2010s 2020s 2030s 2040s

time

*pbossible timeline Credit: Evan Hall
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BG concepts
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Einstein Telescope (EU) Cosmic Explorer (US)



100

Horizon 5
. 10% detectedq{
50% detected

I,

Redshift

e g[GO = ET
=== Voyager === CE

BBH horizons

| 10 100 1000 10000
Total source-frame mass [M;]

Credit; Evan Hall
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this is just the beginning!



our data are public!

Gravitational Wave Open Science Center

Getting Started

Data
Catalogs

Bulk Data
Tutorials
Software
Detector Status
Timelines
My Sources

LIGO Hanford Observatory, Washington LIGO Livingston Observatory, Louisiana Virgo detector, Italy
GPS & UTC

(Credits: C. Gray) (Credits: 1. Giaime) (Credits: Virgo Collaboration)
About the detectors
Projects

Acknowledge

GWOSC The Gravitational Wave Open Science Center provides data from gravitational-wave
observatories, along with access to tutorials and software tools.

@ 02 Bulk Data Release!

@) Get started!

. Download data

oW-Openscience.org

LIGO was constructed by the California Institute of Technology and Massachusetts Institute of Technology with funding from the National Science Foundation and operates under cooperative agreement PHY-0757058
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source

detector

angular sensitivity to cross polarization

radial distance gives sensitivity to a wave from that direction; detector arms along x & y axis (straight lines)



source

detector

angular sensitivity to cross polarization

radial distance gives sensitivity to a wave from that direction; detector arms along x & y axis (straight lines)
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Near-term upgrades: A+ and AdVirgo+

~5 year time scale

Modest upgrades to aLIGO and AdVirgo:

Heavier test masses (AdVirgo+ only)
Better mirror coatings

Suspension modifications (AdVirgo+ only)
Frequency-dependent squeezing

Newtonian noise subtraction (AdVirgo+ only)

~1.7 strain improvement = ~5 rate improvement for A+

Courtesy: Evan Hall



Voyager: a next-gen detector in the LIGO facilities

Advanced LIGO LIGO Voyager
silicon
glass 300 K
300K
77 K shield l
40 kg 200 kg
glass silicon
1.0 pm 300K 1.5-2.0 pm 123 K

1 MW laser ' 3 MW laser

N. Smith et al., Cold voyage, tech. rep. G1500312 (LIGO, 2015) Courtesy: Evan Hall



Einstein Telescope (2)
Facility:

10-km triangle to be
placed underground
1n Europe

Instrument:

Three pairs of
detectors: in each pair,
one room temperature
and one cryogenic

Network:

Get good scientific  QEiEEEEEEy-
output even if no other
next-generation facility
1S built

Courtesy: Evan Hall



Cosmic Explorer (2)
Facility:

A 40 km L-shaped facility to be placed either on the
Earth's surface or underground

Instrument:

One Michelson interferometer to achieve design
sensitivity

[f Voyager technology is mature: use cryogenic silicon

Otherwise: fall back to aLIGO technology (with a slight
sensitivity penalty)

Network:

Not a stand-alone instrument: intended to operate as
part of a global network

Courtesy: Evan Hall



